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collier, a novel regulator of Drosophila head development, is
expressed in a single mitotic domain
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and Alain Vincent‡
Background: Segmentation of the Drosophila embryo is based on a cascade of
hierarchical gene interactions that is initiated by maternal morphogens; these
interactions define spatially restricted domains of zygotic gene expression within
the blastoderm. Although the hierarchy of the segmentation genes that subdivide
the trunk is well established, the patterning of the head is less well understood.
Seven head segments can be assigned on the basis of metameric patterns of
segment-polarity gene expression and internal sensory organs. The domains of
expression of head gap-like genes broadly overlap, with their posterior margins
out of phase by one segment. Taken together with the lack of pair-rule gene
expression in the head, these observations led to the suggestion that head gap
genes act in a combinatorial manner, determining head segmental borders and
segmental identity at the same time.
Results: We have identified a new Drosophila gene, collier (col), whose
expression at the blastoderm stage is restricted to a single stripe of cells
corresponding to part of the intercalary and mandibular segment primordia,
possibly parasegment 0. Reduction of col activity in early gastrula embryos by
antisense RNA expression results in a specific lack of head structures derived
from these segments. The expression of col coincides with a mitotic domain,
which supports the proposal that cells in this domain undergo a concerted mitotic
and differentiation program that is orchestrated at the transcriptional level. Col is
an ortholog of mammalian early B-cell factor/Olfactory-1. These proteins define a
new family of transcription factors that contain a helix–loop–helix dimerization motif
and a new type of DNA-binding domain that is highly conserved during evolution.
Conclusions: Here we describe Col, the first Drosophila member of a new
family of transcription factors. Col may act as a ‘second-level regulator’ of head
patterning. The structural conservation of Col during evolution raises the
questions of its conservation of function in head specification and its interactions
with other factors conserved between insects and vertebrates.
Background
The organization of a repetitive body pattern is a funda-
mental aspect of embryonic development in many
animals. In Drosophila, segmentation is based on a cascade
of hierarchical gene interactions that is initiated by mater-
nal morphogens. These gene interactions define spatially
restricted domains of segmentation gene expression at the
blastoderm stage. The gap, pair-rule and segment-polarity
genes serially subdivide the trunk into reiterated units,
and each unit acquires its identity through the action of
homeotic genes (reviewed in [1–3]). Although the seg-
mental organization of the embryonic head is morphologi-
cally obscured, the expression patterns of the
segment-polarity genes engrailed (en) and wingless (wg) and
the identification of sensory neurons indicate the exis-
tence of seven head segments [4–6]. Only the formation of
the two posterior-most segments, the labial and maxillary,
depends on the segmentation and homeotic genes used in
the trunk. A different mechanism has been proposed for
the formation of the antennal, intercalary and mandibular
segments [4] on the basis of mutant phenotypes and pat-
terns of expression of the head gap-like genes orthodenticle
(otd), empty spiracles (ems) and buttonhead (btd). These three
genes encode transcription factors that are expressed in
partly overlapping stripes that roughly correspond to the
head-segment anlagen affected in loss-of-function
mutants [7–10]. A combinatorial mode of gap-like gene
function could, in principle, partition the head anlage into
a fixed number of segmental units and activate a unique
pattern of homeotic gene expression in each segment pri-
mordium with no need for second-level regulators, such as
pair-rule genes, in the trunk [4,11,12].
An intricate pattern of mitotic domains has also been
described in the embryonic head [13]. Mitotic domains
correspond to defined groups of newly formed cells that
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enter mitosis 14 synchronously. The highly complex
pattern of the mitotic domains reflects the transcription of
string (stg), the Drosophila homolog of Schizosaccharomyces
pombe cdc25, which releases cells from G2 arrest [14].
Although the developmental role of such a precise pat-
terning of mitoses remains elusive, mitotic domains are
thought to be an early manifestation of the commitment of
cells to a specific developmental fate [13,15]. However,
this view has not yet been substantiated because no regu-
latory gene expressed specifically in a single mitotic
domain has, so far, been identified.
Here we report the isolation of a new Drosophila gene,
collier (col), whose expression at the blastoderm stage in a
single patch of cells coincides with a single mitotic domain
(MD2) and overlaps part of the mandibular and intercalary
segment primordia. This region of expression may corre-
spond to parasegment 0, as drawn on the blastoderm fate
map [16]. At the onset of gastrulation, col activity is
required for the correct differentiation of head structures
derived from these primordia. The predicted amino-acid
sequence of the Col protein shows a striking homology to
the mammalian transcription factor EBF (early B-cell
factor; [17]), which was also independently isolated as
Olf-1 (Olfactory-1, [18]). Col and EBF/Olf-1 define a new
family of helix-loop-helix transcription factors. The high
degree of structural conservation of Col during evolution
suggests that this protein may be an ancestral head-
patterning transcription factor which may interact with
other evolutionarily conserved transcription factors that
control head formation in both insects and vertebrates [19].
Results
collier, a Drosophila ortholog of the vertebrate
transcription factor EBF/Olf-1
The collier gene was obtained from a molecular screen per-
formed to isolate potential target genes of the Sry d zinc
finger transcription activator ([20]; see Materials and
methods), and named from its early embryonic pattern of
expression (see below). We obtained two classes of col
cDNAs from 4–8 hour and 12–20 hour embryonic cDNA
libraries. The cDNAs were 3.9 kb and 3.4 kb long, respec-
tively, which correlated with the length of the two col tran-
scripts detected on northern blots (Fig. 1 and data not
shown). The 3.9 kb RNA was present from around 3 hours
of embryogenesis, with a peak of accumulation between 8
and 16 hours post-fertilization; it persisted at very low level
in first instar larvae and accumulated again in third instar
larvae and pupae. The 3.4 kb transcript first accumulated
after 8 hours of embryogenesis, peaked in first instar larvae
and was present at low levels in third instar larvae and
pupae (Fig. 1). Both col transcripts were detected at very
low levels in male and female adults and were absent from
dissected ovaries (data not shown). The 3.4 kb and 3.9 kb
cDNAs differ from each other by 465 nucleotides
(between positions 2098 and 2563), which are removed by
a developmentally regulated alternative splicing event
(Figs 1 and 2). The 3.9 kb cDNA contains an open reading
frame of 1725 nucleotides, which predicts a protein (Col
isoform 1) of 575 amino acids with a calculated molecular
weight of 69 kDa (Fig. 2). The 3.4 kb cDNA contains an
open reading frame of 1671 nucleotides, predictive of a
second Col isoform of 557 amino acids with a calculated
molecular weight of 60 kDa. The two Col isoforms have
the same 528 amino-terminal amino acids but their
sequences differ at the carboxy-terminal ends. In Col
isoform 1, the carboxy terminal region of sequence diver-
gence is 47 amino acids long, and in Col isoform 2 this
region is 29 amino acids long (Fig. 2).
Comparison of the predicted amino-acid sequence of Col
with other protein sequences in the current databases
revealed an extensive similarity with the vertebrate tran-
scription factors EBF and Olf-1 (Fig. 3a). Although EBF
was isolated as a mouse B-lymphocyte-specific transcrip-
tion factor [17] and Olf-1 as a rat transcription factor regu-
lating the expression of specific genes in olfactory neurons
and their precursors [18], they probably represent prod-
ucts of homolougous genes.
Col and EBF/Olf-1 define a new family of helix–loop–helix
transcription factors
Two protein regions are particularly well conserved
between Col and EBF/Olf-1 (Fig. 3a,b). The first one,
which is 210 amino-acids long and lies between residues 59
and 269 of Col, shows 86 % identity (94 % similarity) and
corresponds to the DNA-binding domain of EBF, which
has been mapped biochemically [17,18]. The second
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Figure 1
Developmental profile of col transcript accumulation. A developmental
northern blot was probed with labeled 3.9 kb col cDNA. The
developmental stage of embryonic RNA is denoted in hours after egg
laying. L1 and L3 stand for first and third instar larvae, respectively; P
stands for late pupae. Two col transcripts of 3.9 kb and 3.4 kb are
detected, which vary in relative amounts throughout development.
Each lane contains 2 mg of poly(A)+ RNA. We used the rp49 probe
[48] as an internal standard for quantitation of deposited RNA (data
not shown).
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Figure 2
agttggggtttaacagccactcgggacggtagcgcgcgcccgtcaaacttgttgcgagaccaattttccgaaaatcccaaattctctacg   90
gtgcattggccagttcacccaaaaacacccacacacccacacacagactgtctcactttcgtttcgcgattgattgccagctctccggag  180
accaagaaccaaaataatagaaaagggaacccaataccaatacgacgccgcaaaccgatcgagttataaatacaatacgcaaataaaaaa  270
ctaaacaaacagtaaaacgcctagcaaagagccttcaaaacggcagccacaatttccagcgcaggattaggaggagacgtagccgcgtac  360
gctgatctccaccagcactcgcattcgcaccatccgaatccgcatccacatccgcatccccatccgttcgccaccgacggcttcaagctg  450
cgttccgaagagccggtgccgggcttcagctcggcctccccctggcccaccctggagctgggcATGGAGTGGGGCCGGAAGCTGTACCCC  540
METGluTrpGlyArgLysLeuTyrPro     9
AGTGCCGTTTCCGGTCCGCGATCCGCCGGCGGCCTGATGTTCGGCCTGCCGCCCACCGCCGCTGTGGACATGAACCAGCCGCGCGGTCCG  630
SerAlaValSerGlyProArgSerAlaGlyGlyLeuMETPheGlyLeuProProThrAlaAlaValAspMETAsnGlnProArgGlyPro   39
ATGACCTCGCTGAAGGAGGAACCGCTGGGCAGCCGGTGGGCCATGCAGCCAGTCGTTGACCAGAGCAATTTGGGCATTGGCCGCGCCCAC  720
METThrSerLeuLysGluGluProLeuGlySerArgTrpAlaMETGlnProValValAspGlnSerAsnLeuGlyIleGlyArgAlaHis   69
TTTGAAAAGCAGCCGCCCAGCAATTTGCGCAAGTCGAACTTCTTTCACTTCGTGATCGCCTTATATGATCGGGCTGGACAACCGATCGAA  810
PheGluLysGlnProProSerAsnLeuArgLysSerAsnPhePheHisPheValIleAlaLeuTyrAspArgAlaGlyGlnProIleGlu   99
ATCGAGCGGACGGCCTTCATTGGATTCATCGAGAAGGACTCGGAATCGGATGCCACCAAGACGAACAATGGCATCCAGTACCGGCTGCAG  900
IleGluArgThrAlaPheIleGlyPheIleGluLysAspSerGluSerAspAlaThrLysThrAsnAsnGlyIleGlnTyrArgLeuGln  129
TTACTCTACGCAAATGGAGCTCGCCAGGAGCAGGACATTTTCGTGCGTCTCATCGATTCGGTGACCAAGCAGGCCATCATATATGAGGGT  990
LeuLeuTyrAlaAsnGlyAlaArgGlnGluGlnAspIlePheValArgLeuIleAspSerValThrLysGlnAlaIleIleTyrGluGly  159
CAGGACAAGAATCCCGAGATGTGTCGAGTGCTCCTAACGCACGAGGTGATGTGCAGCCGCTGCTGTGATAAGAAGAGCTGTGGTAACCGC 1080
GlnAspLysAsnProGluMETCysArgValLeuLeuThrHisGluValMETCysSerArgCysCysAspLysLysSerCysGlyAsnArg  189
AACGAGACGCCATCGGATCCCGTCATTATTGATCGCTTCTTCCTGAAATTCTTCTTGAAATGCAATCAAAACTGTCTGAAAAACGCTGGC 1170
AsnGluThrProSerAspProValIleIleAspArgPhePheLeuLysPhePheLeuLysCysAsnGlnAsnCysLeuLysAsnAlaGly  219
AATCCGCGGGATATGCGCCGATTTCAGGTGGTAATTTCTACGCAGGTGGCCGTGGATGGACCACTATTGGCCATCTCCGACAACATGTTC 1260
AsnProArgAspMETArgArgPheGlnValValIleSerThrGlnValAlaValAspGlyProLeuLeuAlaIleSerAspAsnMETPhe  249
GTGCATAACAATTCGAAGCACGGACGGAGGGCCAAGCGGCTGGACACCACGGAAGGTACAGGCAACACATCCCTGTCCATTTCCGGTCAC 1350
ValHisAsnAsnSerLysHisGlyArgArgAlaLysArgLeuAspThrThrGluGlyThrGlyAsnThrSerLeuSerIleSerGlyHis  279
CCCCTAGCGCCCGACAGTACCTACGATGGTCTCTACCCACCGCTGCCAGTGGCCACGCCATGCATCAAGGCGATCTCGCCCAGCGAAGGC 1440
ProLeuAlaProAspSerThrTyrAspGlyLeuTyrProProLeuProValAlaThrProCysIleLysAlaIleSerProSerGluGly  309
TGGACAACCGGTGGCGCCACCGTGATCATAGTGGGCGACAACTTCTTCGATGGCCTGCAGGTTGTATTCGGCACCATGCTGGTGTGGAGC 1530
TrpThrThrGlyGlyAlaThrValIleIleValGlyAspAsnPhePheAspGlyLeuGlnValValPheGlyThrMETLeuValTrpSer  339
GAGCTGATCACCTCGCATGCGATCCGGGTGCAGACGCCGCCAAGCGATATCCCCGGCGTGGTGGAGGTGACGCTATCCTATAAGAGCAAA 1620
GluLeuIleThrSerHisAlaIleArgValGlnThrProProSerAspIleProGlyValValGluValThrLeuSerTyrLysSerLys  369
CAGTTTTGCAAGGGATCACCCGGTCGCTTCGTCTATGTCTCAGCTCTCAACGAACCCACAATCGACTACGGTTTCCAGCGCCTGCAGAAG 1710
GlnPheCysLysGlySerProGlyArgPheValTyrValSerAlaLeuAsnGluProThrIleAspTyrGlyPheGlnArgLeuGlnLys  399
CTCATTCCCCGGCATCCCGGCGATCCCGAGAAGCTCCAGAAAGAGATAATCCTCAAGAGGGCTGCCGATCTGGTCGAGGCGCTGTACTCC 1800
LeuIleProArgHisProGlyAspProGluLysLeuGlnLysGluIleIleLeuLysArgAlaAlaAspLeuValGluAlaLeuTyrSer  429
ATGCCCAGATCTCCGGACGGCTCGACGGGCTTCAATTCCTATGCCGGTCAACTGGCGGTCAGTGTCCAGGATGGTTCCGGCCAGTGGACC 1890
METProArgSerProAspGlySerThrGlyPheAsnSerTyrAlaGlyGlnLeuAlaValSerValGlnAspGlySerGlyGlnTrpThr  459
GAGGACGATTACCAACGGGCGCAGTCGAGCAGCGTGAGTCCACGTGGTGGCTACTGCAGCAGTGCCTCCACGCCGCACAGCTCGGGAGGA 1980
GluAspAspTyrGlnArgAlaGlnSerSerSerValSerProArgGlyGlyTyrCysSerSerAlaSerThrProHisSerSerGlyGly  489
TCCTACGGTGCCACGGCGGCCAGTGCAGCGGTGGCAGCCACGGCCAATGGCTATGCACCCGCACCCAACATGGGCACACTCTCCTCGTCG 2070
SerTyrGlyAlaThrAlaAlaSerAlaAlaValAlaAlaThrAlaAsnGlyTyrAlaProAlaProAsnMETGlyThrLeuSerSerSer  519
1
CCCGGCAGCGTCTTCAATTCCACGTCAAtgtccgccgtgtcgtcgacgtggcaccaggcgttcgtgcagcaccaccacgcggcaacggcc 2160
ProGlySerValPheAsnSerThrSerMETSerAlaValSerSerThrTrpHisGlnAlaPheValGlnHisHisHisAlaAlaThrAla 549
CACCCGCACCACcactacccacatccccatcagccgtggcacaatccggccgtgtcagcagccacggcggcggccgtttaagcatttccc 2250
HisProHisHisHisTyrProHisProHisGlnProTrpHisAsnProAlaValSerAlaAlaThrAlaAlaAlaVal--- 575
ggactcccaacgccagccagatggagctgaacggaggatgaggatgaggacaggatgagccggacttttggggccgagtaacgacatttt 2340
gttgaaattaaatgccacacgcccaatgccaaacacccaaccacccacaaagaccaaacaccagacaccatctatcaatccgaaactgca 2430
aggacgccacaattggccaatggatgggtgggtgtgaatggtgggtgtgtggatggggctgctgaagcaaatctgagcattcaaaacact 2520
2
tctccaacatcaacaaaacaccacagacaacacacgattaacgGGGTCAGCAGCCTGAGCTTCAATCCCTTCGCCCTGCCCACCTGCAAT 2610
ArgValSerSerLeuSerPheAsnProPheAlaLeuProThrCysAsn 544*
ACACAGGGCTATAGCACCCAACTGGTGACGTCAACCAAATAAtattactactaaatgaggctattggcaggccccaaatccaatccaata 2700
ThrGlnGlyTyrSerThrGlnLeuValThrSerThrLys---                                            557*
caccccctccaacccacaggagtcgcagataccacgccaatcacaagaagctcgaaagtgcaataaacaaaagaaaatggttccaaaatt 2790
caaaatctattaatatagttgtacattttttgattgaatgccgtttttaatttaattttactaatttaattaatttgatttggtaataga 2880
tttatagacatacgcatagaataccatatcaaagtaatggaaaacatatgatgaagggaaggcatatcatgcaagaacccaaaagttaag 2970
aacgggcagaactaattctaaaatagcttacatagcatacattttgtaaatatttatcccaaagtaaataaaaaatcgtaattaataatc 3060
ggaactgtgaatagaggaaattatacaaaatatatacccatgatgaacaattctaatacgaatcaagatataccaaaacagatacaattt 3150
gaaagaacttttggacataattaactaaatgcttgtatacgatactttcttggattaatatcgaaaaaataaataaataaataatgaagg 3240
aagtcttggaaatacactctgccagtcgagagaaccgaaatcaaaatgttatatacctacatagatatacaaaaagccagatttgcagca 3330
tatctacgcgtaatattacaacaaatttataccaaacttttggcaaacatatcgtgcacttagtcctaatatccaccctaagcgaacata 3420
tttgtataatgcccatcatatccacaattcaaaattcattttgagcgaaccacttacctatatcaacaaccaaatcatcaaattagacat 3510
acatacatttcgctattcaagtcagtgtttgataactaccgatttgttgactagaatctaagcctagcatactatatatatatatatata 3600
ggcttaagttattgtttattgctcgatttgtaggagttttactgtaatttgtattcgtattgtatgataatgtacgcttgcactcctaga 3690
tctacaaaatattgaagagaaaaacgaaatggctggctacgacattggcgagcggccaatacaagcatatcctctataagaaacgcataa 3780
acagcagaacttagccgcaaaatcgatttgtaaattacaatacaataatttataacaatctagcaacgctctctgttttgtaaatcttaa 3870
caagttatttaaataaaatttatttaaaataaacgtaatacaccatg-poly A tail 3917
Sequence of col. The nucleotide sequence of the full-length 3.9 kb
(3917 bp) col cDNA (EMBL accession number X97803) has an open
reading frame which predicts a protein of 575 amino-acids (Col
isoform 1). Amino acids are represented by the three-letter code. The
sequence between nucleotides 2098 and 2563 (shown in italics) is
absent from the 3.4 kb cDNA, this cDNA contains an open reading
frame that predicts a protein of 557 amino acids (Col isoform 2). Col
isoforms 1 and 2 are identical between amino-acid residues 1 and 528
and differ at their carboxy-terminal ends, which are underlined and
labelled 1 and 2, respectively. Two potential polyadenylation signals (in
bold letters) are located 30 and 14 nucleotides upstream of the
polyadenylation site, respectively.
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Figure 3
Col 	 SPGRFVYVSALNEPTIDYGFQ RLQKLIPRHPGDPE----------KLQKEIILKRAADLVEALYSM 



EBF 	 GTPGRFIYTALNEPTIDYGFQ RLNKVIPRHPGDPE----------RLPKEVILKRAADLVEALYGM 


AS-C T4 	 SVQRRNARERNRYKQVNNSFARLRQHIPQSIITDLTKGGGRGPHKKISKVDTLRIAVEYIRSLQDL 

Twist 	 QRVMANVRERDRTQSLNDAFKSLQQIIPTLP------------SDKSLKIQTLKLATRYIDFLCRM 

Emc 	 IQRHPTHRGDGENAEMKMYLS KLKDLVPFMP-----------KNRKLTKLEIIQHVIDYICDLQTE 

Id 	 IALLDEQQVNVLLYDMNGCYS RLKELVPTLPQ-----------ERKVSKVEILQHVIDYIRQLQIE 
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(a) Diagramatic alignment of the Col and EBF/Olf-1 proteins. The red
box corresponds to the DNA-binding domain as defined in EBF [21] and
the yellow box corresponds to a second highly conserved region which
contains a helix–loop–helix motif indicated by the small black bar. The
blue box represents a third region of significant homology. The
percentages of identity and similarity (in brackets) are indicated. ‘A,S,T’
denotes the region rich in alanine, serine and threonine residues. The
pink boxed area in the carboxy-terminal region of Col denotes the region
where the two Col isoforms diverge. (b) Sequence alignment of Col and
EBF/Olf-1. Identical and similar amino-acids are indicated by black and
blue boxes, respectively. The DNA-binding domain of EBF (amino acids
50–251) includes a zinc-binding motif (between residues 151 and 177)
[21]. The horizontal arrows indicate the positions of helix 1 and helix 2 of
a predicted helix–loop–helix motif which is conserved between Col and
EBF (see part (c)). The arrowhead indicates the position where the two
Col isoforms diverge. The asterisk denotes the position of the methionine
initiator in Olf-1. (c) Sequence alignment between Col, EBF and
functional helix–loop–helix motifs in the following proteins: Drosophila
AS-C T4 [49], Twist [50], Emc [51,52] and vertebrate Id [53]. The
consensus motif is taken from [54]. The asterisk denotes residues (in
bold) identical or similar in five out of the six helix–loop–helix proteins
listed in addition to boxed consensus positions. c represents
hydrophobic animo acids. The amino-acid sequence of the basic region
of basic helix–loop–helix proteins is italicized.
region (Col residues 297 to 431) shows 89 % identity (96 %
similarity) and partly overlaps a region of EBF sufficient
for homodimerization in vitro [17]. We noticed a consensus
helix-1–loop–helix-2 motif in this region, which was also
conserved in the rodent proteins (Fig. 3c). Originally, no
helix 1 but two potential helices 2 were reported in EBF
and Olf-1 [17,18]. The second helix 2 is missing in Col.
The helix–loop–helix dimerization motif is not preceeded
by a basic region, consistent with the presence of an inde-
pendent DNA-binding domain. The carboxy-terminal
region is rich in alanine, serine and threonine residues and
probably represents a transcription activation domain [21].
Except for the helix–loop–helix motif, no significant simi-
larity was found between Col, EBF/Olf-1 and other
described transcription factors. These two proteins there-
fore define a new family of helix–loop–helix transcription
factors with a novel type of DNA-binding domain.
Spatial embryonic expression of col
We first detected col expression at the beginning of mitotic
cycle 14 in two laterally symmetrical stripes whose posterior
limit was one or two rows of cells anterior to the position
where the cephalic furrow forms, at about 70 % egg length
(EL, measured from the posterior end of the embryo, [22];
data not shown). This restricted expression persisted during
early gastrulation (Fig. 4a–c), when the cephalic furrow
demarcates the head from the trunk and the posterior
gnathal region (maxillary and labial primordia). At the same
time, mesodermal precursor cells start to invaginate to form
the ventral furrow, which runs longitudinally along the
ventral side between 20 and 70 % EL. From dorsal to
ventral, the stripe of col expression widened from one to
four cells. However, neither the ventral-most mesodermal
precursor cells (Fig. 4b) nor the dorsal-most amnioserosa
precursor cells (Fig. 4c) expressed col. Comparison with the
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Figure 4
col mRNA expression in wild-type embryos. (a–f) mRNAs were
detected by whole-mount in situ hybridization. In all figures embryos
are oriented with the anterior pole to the left. Stages are according to
[22]. (a–c) Lateral, ventral and dorsal views of an early-gastrula stage
embryo, respectively. col transcripts are detected as two laterally
symmetrical stripes located anterior to the cephalic furrow (indicated
by an arrowhead in (a). Neither the mesodermal precursor cells, a
ventral band of cells approximately 18 cells wide, which undergo apical
flattening [55] (visible in (b)), nor the amnioserosa precursor cells,
which form a narrow stripe along the dorsal midline approximately five
cells wide [22] (visible in (c)), express col. (d) Lateral view of a stage-
11 embryo. Expression of col persists in the mandibular bud
(arrowhead) which is now located posterior to the stomodeal
invagination (arrow). Secondary expression sites include segmentally
repeated groups of cells in the trunk and a few cells of the
procephalon. (e) Ventral view of a stage-13 embryo after completion of
germ-band shortening. col is now expressed in specific, segmentally
reiterated lateral cells as well as in the ventral nerve chord. (f) Dorsal
view of a stage-14 embryo shows col expression in a few cells in each
brain hemisphere. (g) In situ hybridization to col mRNA (blue) and
immunostaining with anti-En antibodies (brown) of an embryo at the
germ-band extension stage (stage 10, ventral view). (h) Enlargement
of the head region. En is expressed in the antennal (An), intercalary
(Ic), mandibular (Md) and maxillary (Mx) segments; col is expressed in
the anterior part of the mandibular segment and posterior part of the
intercalary segment. (i) Schematic representation of an embryo at the
germ-band extension stage, with the col expression domain indicated
by the black area. Head-segments labral (Lr), intercalary (Ic),
mandibulary (Md), maxillary (Mx), labial (Lb), trunk segments (T1,
T2–A8), amnioserosa (as) and the position of putative parasegment 0
(PS0) are indicated.
blastoderm fate map [16,23] indicated that col expression
extensively overlapped the mandibular segment anlage but
was slightly displaced anteriorly (see Fig. 5c). By stage 11,
the ventral invagination of the stomodeum has occurred
and the germ band is almost fully extended, with the first
signs of segmentation appearing in the epidermis. At this
time, col transcripts were still present in the mandibular bud
region but additional expression was now also seen in a few
cells of the procephalon and in segmentally repeated groups
of cells in the trunk (Fig. 4d). In stage 13 and 14 embryos,
col was expressed in a segmentally reiterated pattern in the
ventral nerve cord and in lateral and dorsal groups of cells,
including cells of the peripheral nervous system (Fig. 4e), as
well as in patches of cells in the brain (Fig. 4f).
In order to examine the relationship between expression
of col and the segment anlagen in more detail, we com-
pared the expression patterns of col and Engrailed (En)
protein in germ-band extended embryos by a double in
situ–immunostaining procedure. Each spot of En-express-
ing cells in the head is proposed to define the posterior
limit of an individual segment [4,5]. Figure 4g–i shows
that col mRNA was expressed in cells of the ‘En inter-
calary spot’ as well as in cells directly posterior to it. Based
on this result and the results of in situ hybridizations on
blastoderm stage embryos, col appears to be specifically
expressed in posterior cells of the intercalary segment and
in anterior cells of the mandibular segment, a region that
possibly corresponds to parasegment 0 [23,24].
There is a striking similarity between the early stripe of col
expression and the position of a specific mitotic domain at
cycle 14, mitotic domain 2 (MD2). Mitotic domains are
defined as groups of cells that enter mitosis 14 synchro-
nously and out of synchrony with other groups of cells [13].
The pattern of string (stg) transcription anticipates the
pattern of cycle 14 mitoses [14]. We therefore compared the
expression of stg and col during early gastrulation, in either
singly or doubly labelled embryos [25]. Figure 5 shows that,
at the onset of gastrulation, stg and col were simultaneously
expressed in a group of cells that correspond to MD2, sug-
gesting that these cells not only share a mitotic fate, but also
share a specific gene-expression program.
col is required for normal embryonic head morphogenesis
The col gene maps at 51B10-C1, between deficiencies
Df(2R)Trix (51A1–51B6) and Df(2R)JP1 (51C3–52F5-9)
(data not shown). There is currently no existing deficiency
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Figure 5
Comparison of stg and col expression in early gastrula embryos. In situ
hybridization with col (a,b) and stg (d,e) on an early-gastrula embryo. stg
expression anticipates mitosis in mitotic domains (MDs) 1 to 6. MD2 is
crescent-shaped and is anterior to the cephalic furrow (indicated by the
arrowhead in (a,d)). (e) Ventral view showing the ventral limit of MD2. (c)
Schematic fate map of the lateral view of a blastoderm-stage embryo,
modified from [16]. MS; mesoderm; AS, amnioserosa; CF, cephalic furrow.
The procephalic (pNR) and ventral (vNR) neurogenic regions are shaded
grey. The col expression domain (thin black line) is shifted anteriorwards by
one or two rows of cells compared to the mandibular segment anlage
(shaded black) [16]. (f) Positions of MD1 to MD6 at the onset of gastrulation
drawn from data shown in (a,d) and from [13]. MD2 (outlined in black)
overlaps the col expression domain. (g,h) Double in situ hybridization with
stg (red) and col (black) on early gastrula embryo. Lateral view (g); ventral
view in detail (h). Black dots corresponding to col primary transcripts are
detected in the cells that express stg in MD2. Not every nuclear dot signal is
visible because of the focus.
removing DNA in the 51B6–51C3 interval. Because we
lacked col mutants, we attempted to eliminate, or at least
reduce, col activity in early embryos by using an antisense
RNA approach. To introduce antisense col RNA into the
embryo, we made transgenic flies expressing this RNA
under the control of the heat-shock-inducible hsp70 pro-
moter (strain HscolA). A one-hour heat treatment at 37 °C
applied between 4 and 6 hours of development had no
observable effect on either control (w–) or HscolA
embryos, whereas a one-hour treatment between 3 and
4 hours resulted in specific defects in HscolA embryos.
The control embryos developed normally, whereas almost
all of the HscolA embryos failed to hatch. However, 80 %
of the HscolA embryos developed to the point of making a
cuticle, and in these embryos the only defects that we
consistently observed were in the head skeleton (Table 1).
A cuticle preparation of a wild-type first instar larva is
shown in Figure 6a,c. In heat-treated HscolA embryos, the
most prominent defect (seen in 80 % of the cuticles that
were examined) was the absence or drastic reduction of
the lateral gräten (Fig. 6b,d). All the other skeletal struc-
tures appeared normal. The lateral gräten are thought to
originate from the mandibular segment [6,13]. To
examine the consequence of HscolA expression earlier in
development, we looked at the pattern of En expression
in germ-band extended embryos. In heat-treated HscolA
embryos, the En intercalary spot was either reduced (Fig.
6b) or was sometimes missing, whereas the mandibular En
stripe appeared to be unaffected. Two HsColA transgenic
lines were tested and gave similar results. Together with
the expression data (Fig. 4), these results suggested that
col function is specifically required for the formation of
structures originating from part of the mandibular and
intercalary segment primordia (the head region where col
is expressed at the onset of gastrulation).
col expression is controlled by head gap genes
Development of head and thorax depends on the correct
input of the localized maternal morphogen Bcd (review in
[26]). The activity of bcd is required for zygotic activation
of the head gap genes which subdivide the intermediate
head region into partly overlapping domains along the
antero-posterior axis [3,7,8,10,27]. The initial col expres-
sion domain was included in that of the head gap genes
btd and slp, and was slightly posterior to that of ems
(reviewed in [16]. In situ hybridization to col mRNA
showed no detectable signal in embryos from bcd mothers
or in btd homozygous mutant embryos. In ems mutant
embryos, col expression was expanded ventrally to include
mesodermal precursor cells, whereas normal expression
was observed in embryos lacking both slp genes (slp1 and
slp2; data not shown). Taken together, these results indi-
cate that col acts downstream of the head gap genes in the
transcription regulatory cascade that patterns the anterior
part of the Drosophila embryo head, with btd activity being
absolutely required for col activation (Fig. 7). In stg mutant
embryos, col expression during gastrulation was the same
as that in wild-type embryos, indicating that the expres-
sion of col is independent of the mitotic program of cells in
MD2.
Discussion
The Drosophila embryonic head is composed of seven
segments [6]. Only formation of the two posterior-most seg-
ments, the labial and maxillary, depends on the segmenta-
tion and homeotic genes used in the trunk. Formation of
other segments has been proposed to depend on combina-
torial inputs from head-specific gap genes expressed in
partly overlapping domains at the blastoderm stage
[4,11,12,16]. Here we report the identification and charac-
terization of a new transcription-factor-encoding gene, col.
We postulate that col represents a second-level regulator in
the patterning of the embryonic head.
collier, a new head-patterning gene
Reducing col activity at the onset of gastrulation, through
expression of antisense RNA, results in the specific
absence of lateral gräten. The results from cell-ablation
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Table 1
col phenocopies resulting from ectopic expression of col antisense RNA in wild-type embryos at the early gastrula stage.
Cuticles
Laid Hatched Undeveloped Only head skeleton Head skeleton defects Only trunk 
embryos larvae defects and trunk defects defects 
HscolA 67 1 19* 34 12 1
196 2 34* 71 89 –
Total 263 3 (1 %) 53* 105 (40 %) 101 (38 %) 1
w– 180 162 12 – – 6
240 219 18 – – 3
Total 420 381 (91 %) 30 – – 9
Embryos have either one copy of the transgene (HscolA) or no
transgene (w–). After 3 h of development at 25 °C, the embryos were
heat-treated for 1 h at 37 °C. After heat treatment the embryos were
left to develop at 25 °C and cuticles prepared. The asterisks indicate
embryos which either did not develop a cuticle or were lost during
cuticle preparation.
experiments [23] suggested that this structure derives
from the mandibular segment. The intercalary spot of
En-expressing cells is often partially missing in heat-
treated HscolA embryos, whereas the mandibular spot is
not affected. Both of these observations are consistent
with the early pattern of col expression, which overlaps
the anterior and posterior regions of the mandibular and
intercalary segment primordia, respectively. The position,
size and shape of the col stripe is sharply defined at early
cycle 14, when col transcription is first observed; only neu-
roectodermal precursor cells express col — aminoserosa or
mesodermal precursor cells do not. 
The results described above indicate that information
established along the anterior–posterior and dorsal–ventral
axes prior to cycle 14 acts in concert to control col expres-
sion. This expression is dependent upon the activity of
two head gap genes, btd and ems, and precedes expression
of en and wg in the head. There is no change of col expres-
sion in embryos mutant for either the bZIP cap’n’collar
(cnc) gene, which has been postulated to act as an
homeotic selector in the mandibular parasegment [28], or
the homeobox-containing genes of the Hox complex,
labial and Deformed, which are expressed in the intercalary
and mandibular plus maxillary segments, respectively
[29,30] (data not shown). These results, taken together
with the deletion of structures that is observed in HscolA
embryos (which represent a subset of the defects seen in
btd mutant embryos), lead us to suggest that col corre-
sponds to a second-level regulator of embryonic head pat-
terning that acts in parasegment 0. This study, together
with the recent characterization of crocodile (a gene
required for the formation of structures derived from the
intercalary segment, the posterior wall of the pharynx and
the ventral arm of the cephalopharyngeal skeleton [31])
indicates that a complex network of transcription factors
acts downstream of head gap genes in controlling morpho-
genesis of the embryonic head. However, it seems that
crocodile (croc) is not required for the establishment of the
intercalary segment anlage per se, and the possible rela-
tionship between col and croc expression and function
remains to be investigated.
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Figure 6
col phenocopies produced by ectopic expression of col antisense
RNA. (a) Wild-type cuticle from a w– heat-treated embryo (b) Cuticle
from a heat-treated HscolA embryo; note that head morphogenesis is
abnormal, whereas the trunk is unaffected. (c,d) Enlargement of the
head region of a wild-type (c) and a col phenocopy (d). The head
skeleton structures, mouth hook (MH), median tooth (MT), H piece (H),
lateral-gräten (LG), dorsal bridge (DB), vertical plate (VP), ventral arm
(VA), dorsal arm (DA) and posterior pharynx wall (ppw) are indicated.
In a col phenocopy the LG are missing. The arrowhead indicates the
position of denticles corresponding to T2. (e,f) Expression of En in (e)
heat-treated control (w–) embryos and (f) HscolA embryos at the germ-
band extension stage (stage 10). The intercalary spot of En-expressing
cells (indicated by an arrowhead in (e)) is either reduced (f) or missing
in heat-treated HscolA embryos.
The difficulty in characterizing specific head defects
might explain why no col mutant was isolated from the
large-scale genetic screen performed on chromosome 2 by
Nüsslein-Volhard et al. [32]. If the only ectodermal pheno-
type of col mutations is the head phenotype described
here, col mutants would have been discarded, as they
would have belonged to the small subclass (0.6 %) of
embryonic lethal mutations that produced ‘subtle’ pheno-
types, including defects in head skeleton differentiation.
Expression of col in a single mitotic domain: a
transcriptional link between mitosis and morphogenesis?
In the Drosophila embryo, post-cellularization mitoses
follow an invariant spatio-temporal pattern [13]. This
pattern is governed by the expression of stg [14]. The tran-
scription of stg itself is controlled by patterning genes
through separate cis-regulatory regions that direct its
expression in different mitotic domains [33]. Foe et al. [15]
have proposed two models. The first proposes that stg reg-
ulatory sequences directly integrate pattern formation,
and the second proposes that ‘master regulatory genes’
integrate this information and, in turn, control stg tran-
scription. Because col encodes a transcription factor and is
specifically expressed in a single mitotic domain, it could
conceivably be a ‘master gene’ that controls the expres-
sion of stg in this domain. However, we favor another
hypothesis, namely that col and stg respond to the same
patterning information and act in parallel, with col assign-
ing a specific gene-expression program to cells in MD2. In
support of this, expression of both stg and col in MD2 is
concomitant and specifically requires btd ([33] and data
not shown). Conversely, expression of col in the head is
unmodified in embryos mutant for stg, consistent with the
observation that cell differentiation and morphogenetic
events can occur in these embryos, even though they fail
to produce a wild-type larval cuticle [13]. Furthermore, we
detected stg expression in MD2 in heat-treated HscolA
embryos (data not shown). The overlapping expression of
col and stg in MD2 argues for a genetically orchestrated
mitotic and differentiation schedule acting in concert for
head morphogenesis.
A new family of transcription factors
Col shows extensive sequence similarity to the rodent tran-
scription factor EBF/Olf-1. Unlike most cases of sequence
conservation between Drosophila and vertebrate transcrip-
tion factors, this similarity stretches over most of the Col
and EBF/Olf-1 protein sequences. One highly conserved
region corresponds to the unusually large DNA-binding
domain of 210 amino acids defined in EBF; this domain
also has homodimerization and transactivation potential
and includes a novel zinc coordination motif essential for
DNA recognition [21]. Thus far, the second highly con-
served region, adjacent to the DNA-binding domain, has
no precisely assigned function. It does, however, contain a
sequence clearly related to the helix–loop–helix motif
characteristic of the helix–loop–
helix transcription factors, although this was not initially
recognized in EBF/Olf-1 [17,18]. Helix–loop–helix motifs
mediate homodimerization and/or heterodimerization [34].
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Figure 7
Regulation of col expression by head gap
genes. Data from [16,27] and experiments
performed in our laboratory have been
combined and are represented schematically.
The relative positions of the head-segment
anlagen along the anterio-posterior axis of the
blastoderm stage embryo and the gradient of
Bcd protein product are schematically
represented at the top. The segments
affected in lack-of-function mutants [4,27] are
indicated under each head gap gene. col
head-specific expression shows absolute
requirement for btd and is modulated by ems.
Expression of stg in MD2 also requires btd
and ems ([28] and data not shown); potential
regulation of stg by col has not been
determined, as indicated by a broken arrow.
oc, ocular; an, antennal; ic, intercalary; md,
mandibular; mx, maxillary; lb, labial.
Bcd
oc an ic md mx lb
otd ems btd slp
oc-an oc-an-ic oc-an-ic-md oc-an-md
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Col and EBF/Olf-1 therefore define a new family of tran-
scription factors that contain a novel type of DNA-binding
domain associated with a helix–loop–helix motif; this motif
is embedded in a larger region of 135 amino acids that is
extremely well conserved between Drosophila and mouse.
This structural conservation, in turn, strongly suggests that
Col and EBF interact with other evolutionarily conserved
factors and raises the question of the conservation of their
functions from insects to vertebrates.
Are the functions of Col and EBF/Olf-1 conserved
throughout evolution?
Recent analyses of basic developmental processes, such as
neurogenesis and myogenesis, in different eukaryotes
suggest that major developmental pathways and regulatory
factors have been conserved throughout evolution [35].
The homeotic gene clusters are the most striking example
of conservation between Drosophila and mammals of both
genomic organization and related patterns of expression
along the anterio-posterior axis [36]. The embryonic pat-
terns of Hox gene expression in the central nervous system
and branchial arches support the segmental structure of the
hindbrain, as is morphologically apparent when the hind-
brain is transiently subdivided into seven or eight rhom-
bomeres. However, Hox genes are not expressed anterior
to the midbrain–hindbrain boundary (reviewed in [37]),
although there is circumstantial evidence that the forebrain
might also be segmented [38]. This suggests that other
classes of transcription factors are responsible for pattern-
ing of the more anterior head regions. 
Although head specification was once thought to have
arisen independently in the invertebrate and vertebrate lin-
eages during evolution (discussed in [39]), the sequence
conservation and related patterns of expression of the otd
and ems (otx and emx) gene families in Drosophila and verte-
brates suggests that patterning of the head was established
earlier in a primitive ancestor [19]. Both mouse and Xenopus
col/EBF orthologs show early localized expression in the
neuroectoderm of the embryonic head (P. Charnay, per-
sonal communication; L.D., unpublished observations).
This raises the possibility that the function of col in head
patterning derives from an ancestral function. Other possi-
ble conserved functions for col might be related to its
expression in specific sets of neurons in the central nervous
system. Targeted disruption of EBF in mice leads to an
early arrest of B-cell differentiation [40]. This tissue-spe-
cific phenotype occurs despite the fact that EBF is
expressed in a variety of embryonic tissues ([18], P.
Charnay, personal communication), suggesting that there is
functional redundancy between EBF and closely related
proteins in other tissues. In Drosophila, however, we did not
find evidence for more than one member of the Col/EBF
family (data not shown). Genetic analysis of col function
and identification of interacting genes or genes that act
upstream and downstream of col should help to elucidate a
developmental role for this new family of transcription
factors which are highly conserved between insects and
vertebrates.
Conclusions
The hierarchy of segmentation genes which subdivides
the trunk region of the early Drosophila embryo is well
established. In contrast, patterning of the head region is
less well understood. Here we report the identification of
a new gene, col, whose expression at blastoderm is
restricted to a narrow stripe of lateral cells overlapping part
of the mandibular and intercalary segment primordia that
possibly corresponds to parasegment 0. The activity of col
is required at the onset of gastrulation for the correct for-
mation of the mandibular segment. We propose that col
may correspond to a second-level regulator of head mor-
phogenesis. The expression of col matches a mitotic
domain (MD2), suggesting the existence of a concerted
mitotic and differentiation program in the cells of this
domain at the transcriptional level. Col is the Drosophila
ortholog of mammalian EBF/Olf-1, and together these
proteins define a new family of transcription factors char-
acterized by a novel type of DNA-binding domain associ-
ated with a helix–loop–helix motif. The extremely high
degree of structural conservation of these proteins during
evolution raises the issues of conservation of function and
possible interactions with other transcription factors that
control head formation in both insects and vertebrates.
Materials and methods
Fly strains
The btdXG81 and btdXA mutant strains were obtained from S. Cohen,
the bcdE1, ems9Q64, stg 4B51 and stg 7B69 strains were from the Tübin-
gen Stock Center and the slp D34 deficiency strain was from U. Gross-
niklaus and W. Gehring. The Df(2R) Trix and Df(2R) JP1 deficiency
strains were obtained from the Umea Stock Center.
Cloning and sequencing of col cDNAs and northern blotting
A small DNA fragment encoding an in vitro Sry d binding site [20] was
used to isolate 15 kb of surrounding genomic DNA. This DNA was
used in turn to screen 4–8 h and 12–20 h embryonic cDNA libraries
[41]. cDNA inserts were subcloned into Bluescript (Stratagene) and
sequenced in both orientations using the exonuclease directional tech-
nique described in [42]. Isolation of poly(A+) RNA from staged
embryos and northern hybridization with col cDNA fragments were per-
formed as described in [43].
Accession number
The EMBL accession number for the col sequence is X97803.
Heat-shock col constructs and transgenic fly strains
The 3.9 kb col cDNA was subcloned into a (w+, pCas per) P-element
vector [44] at the HpaI site. DNA containing the col cDNA in an anti-
sense orientation (HscolA construct) was injected into white (w–)
embryos and transformed fly strains were established according to
standard methods [45]. Males homozygous for the HscolA transgene
were crossed with w– females, and w– males were used as controls.
The embryos resulting from these crosses were left to develop for 3 h
at 25 °C before heat-shock treatment for 1 h at 37 °C. The embryos
were then allowed to develop at 25 °C until they formed cuticles, which
were prepared as described in [46].
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In situ hybridization and antibody staining
Whole-mount in situ hybridization to embryos was performed with
digoxigenin-labeled DNA prepared with the Genius kit from Boehringer
Mannheim, using the procedure described in [47]. For double-labelling
using col and stg probes simultaneously, we used the procedure
described in [25]. Embryos were hybridized with a mixture of the fluores-
cein-labelled probe for stg and digoxigenin-labelled probe for col. stg
hybridization was visualized by primary incubation with anti-fluorescein-
alkaline phosphatase and staining with Vector Red (red). The col probe
was revealed in a secondary incubation with anti-digoxigenin-alkaline
phosphatase and staining with 4-nitro blue tetrazolium chloride/5-
bromo-4-chloro-3 indolyl phosphate (black). To better distinguish
between the two signals, we chose to use a nuclear col (intron) probe
and a cytoplasmic stg (cDNA) probe (a gift from P. O’Farrell). For
double immunostaining and in situ hybridization the embryos were first
subjected to immunostaining as described in [30], using a polyclonal
anti-Engrailed antibody prepared by F. Payre in our laboratory.
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